Abstract Two new methylsilylsulfides are synthesized. Propeller-like chirality is described for triaryloxysilanethiol and its methyl derivative. S-methylation of the silanethiol lowers the overall symmetry of the unit cell.
observed and described by Chojnacki for solid tri-tertbutoxysilanethiolato complexes [2, 3] . In this contribution we describe a similar type of propeller chirality in aromatic analogue of tri-tert-butoxysilanethiol obtained more recently, tris(2,6-diisopropylphenoxy)silanethiol TDST [4] and its methyl derivative. With the intention of studying the methylation of silanethiols alone and within their metal complexes we have methylated two silanethiols in the form of sodium salts with methyl iodide. Out of the two obtained derivatives: methyl-tri(tert-butoxysilyl)sulphide and methyl-tris(2,6-diisopropylphenoxysilyl)sulfide the latter one was solid and its crystal structure is presented in this work.
Experimental

General Methods
Sodium silanethiolates were obtained as described before [2, 4] . Methyl iodide (Sigma-Aldrich) was used as purchased. Hexane was dried over Na/benzophenone and distilled prior to use. The density of methyl tri-tertbutoxysilylsulfide was measured with Anton Paar DMA 5000. NMR measurements were performed at 298.5K either in CDCl 3 with Varian Unity Plus 500 MHz spectrometer ( 1 H, 13 C) or in C 6 D 6 on a Bruker AV 300 MHz spectrometer ( 1 H, 13 C, 29 Si). The chemical shifts were related to the TMS. Elemental analyses were performed on an Elemental Analyser EA 1108 (Carlo Erba Instruments).
Syntheses
Methyl tris (2,6-diisopropylphenoxysilyl) sulfide (1) Sodium tris(2,6-diisopropylphenoxysilyl)sulfide (1 mmol) was suspended in 25 ml of n-hexane. Methyl iodide solution (2 mmol in 10 ml of n-hexane) was added drop-wise to this suspension and the reaction mixture was boiled for 4 hours. NaI precipitate that formed as a result of the reaction was removed by filtration. 
X-ray Crystal Structures Analysis
The single crystals of 1 were used for data collection at 298(2)K on a four-circle Oxford Diffraction Xcalibur diffractometer equipped with a two-dimensional CCD detector with graphite monochromatised Mo Kα radiation (λ=0.71073 Å) and the ω-scan technique. Integration of the intensities and correction for Lorenz and polarisation effects were performed using CrysAlis RED software (Oxford Diffraction, 2008).
Structure of 1 was solved by direct methods and all non-hydrogen atoms were refined with anisotropic thermal parameters by full-matrix least squares procedure based on F 2 . Hydrogen atoms were refined using isotropic model with U iso (H) values fixed to be 1.5 times U eq of C atoms for -CH 3 or 1.2 times U eq for -CH groups. Crystal structures were solved and refined using the SHELX-97 program package [5] . A summary of the crystallographic data is listed in Table 1 . 
Quantum-Mechanical Calculations
The structures of 1, TDST, TC1, TC2 were optimized with the use of ADF implemented functionals using ADF release 2013.01 of theoretical chemistry package developed at Vrije Universiteit, Amsterdam, The Netherlands [6] [7] [8] .
The starting geometries were taken either from experimental crystallographic data obtained in this work or in [4] or from RM1 calculations (TC1, TC2). The GGA BLYP-D XC potential in SCF and final energy evaluation with Becke integration scheme at TZP Slater basis set with large frozen core constrains were used. Delocalized coordinates were used for structure optimization. The energies of transition states TS1, TS2, TS3 were calculated at semiempirical RM1 level [9] , with the use of the eigenvector following EF method described by Baker [10] . First an initial guess of the probable conformation of the transition state structure was made. The gradient vector g and the Hessian matrix H at the initial point was then calculated by RM1 method. The second step involved the diagonalization of the Hessian and determination of the local hypersurface characteristics, i.e., the number of negative eigenvalues. Then g was transformed into the local Hessian modes F = Ug. The next step depended on the structure of the Hessian. If the Hessian had the wrong number of negative eigenvalues (more than one) then the next step involved separation of positive and negative Hessian eigenvalues into two matrix equations. For details please refer to [10] . Our calculations were stopped at the RMS gradient lower than 0.01 kcal/Å mol, assuming that the position of the transition state was found. If convergence criterion was not satisfied, the energy and gradient vector at the new point were calculated, provided that maximum number of steps (1440 cycles) was not reached.
Results and Discussion
Two silanethiols: tris(2,6-diisopropylphenoxy)silanethiol TDST and tri-tert-butoxysilanethiol TBST were converted into their S-methyl derivatives by the reaction of their sodium salts with methyl iodide in boiling n-hexane (Scheme 1). TDST is solid in the ambient temperature and Fig. 2 and listed in Fig. 1 caption. The data on the important bond lengths and angles are gathered in Table 2 .
Two aryloxysilanethiols of known crystal structure: tris(mesityloxy)silanethiol [12] and tris(2,6-diisopropylphenoxy)silanethiol [4] crystallize as solid state 50-50 racemic mixtures of two enantiomers. After Chojnacki [2] the enantiomers will be called P (all torsion angles S-Si-O-C positive) and M (the same torsion angles negative). Apart from the sign of the appropriate torsion angle, these aromatic derivatives possess an additional element of helicity introduced by the twist of the aromatic rings with regard to the reference plane (compare [13, (15) 14]). The elements of chirality in the molecule of tris(2,6-diisopropylphenoxy)silanethiol (TDST) are shown in Fig. 2 . The ring C1-C6 is involved in the intramolecular SH-π interaction as described earlier [4, 15] . The molecular structures of aryloxysilanethiols were solved and refined in a monoclinic cells with one molecule of silanethiol -one of the two enantiomers -defining the independent unit [4, 12] . The other enantiomer present in those racemic crystals was created by a set of appropriate symmetry operations on the first one. Compound 1 definitely crystallized in triclinic space group with two independent molecules (being the two enantiomers) constituting the unit cell. We repeated the measurement several times and we tried to solve the structure in higher symmetry but each time we were unsuccessful. In our opinion the major reason lies in the conformation of S-methyl group which is differently rotated in these two enantiomers. Two independent molecules of 1 are P and M enantiomers with similar (i.e. differing not more than 6(σ )) but all (+) or all (-) S-Si-O-C torsion angles. In our opinion the differences between P and M molecules manifest mainly in the conformation of Smethyl group, which adopts two different orientations with regard to the interacting ring.
Gust and Mislow [13] considered various flip mechanisms for the formation of two different enantiomers in case of helical triphenyl Ar 3 ZX compounds. We have followed similar mechanism for 1 by semi-empirical calculations with the assumption that the potential energy hypersurface of 1 contain two minima (transition Compounds TC1 and TC2) and three saddle points (Transition States TS1, TS2 and TS3) on the reaction pathway from P to M Fig. 3 The isomerisation pathway for 1 showing the relative energies of all involved species. Energy of P isomer of 1 is assigned the value of 0 kcal/mol. All molecules shown along Si-S bond. P to TC1 conversion involves the flip of the phenyl ring attached to O1. TC1 to TC2 involves the flip of phenyl ring attached to O2. The final change involves the movement of S-methyl group and undergoes practically without activation energy configuration as shown in Fig. 3 . A saddle point with one negative eigenvalue of the force matrix corresponds to a transition state on the reaction pathway for a chemical reaction of changing enantiomeric form. Activation energy, i.e., the energy of the transition state structure relative to reactants, can be observed experimentally. However, the only way that the geometries of transition state structures can be evaluated is from theory. Transition state search algorithms rather climb up the potential energy surface, unlike geometry optimization routines where an energy minimum is searched for. The characterization of even a simple reaction potential surface may result in location of more than one transition state structure, and is likely to require many more individual calculations than are necessary to obtain equilibrium geometries for either reactant or product. For this reason the semi-empirical RM1 method of estimation of transition state energy has been chosen (see experimental).
The calculated barriers presented in Fig. 3 reach up to 6 kcal/mol thus the interconversion of P into M in solution may be significantly slowed down. On the other hand it must be remembered that for alkoxysilyl compounds racemization may as well proceed via nucleophilic substitution and the exchange of alkoxy substituents. Silicon -oxygen bond has approximately 50 % ionic character and relatively easily forms pentacoordinated or hexacoordinated silicon species in the transition state of the substitution reaction [16] . The Si-O bonds in aryloxysilanethiols and in 1 are likewise strongly polarized as illustrated by potential maps visualized in Fig. 4 . In order to show the regions of relatively positive and negative charges within the molecule both compounds have been mapped at 0.03 isodensity surface. It would be probably difficult to preserve the enantiomeric purity in solution of these or similar alkoxysilyl compounds but the isolation of an optically active crystal of the compound such as TDST or 1 would be possible and would require the application of a chiral additive that would force the crystallization of a particular enantiomer from the racemic solution (eg. [17] ).
The calculated potential maps may also explain the relative resistance of silicon-sulfur bond present in TDST and 1 to the attack of nucleophiles. Mapping at 0.01 isodensity surface (Fig. 4) illustrates the strong protection against such attack, provided by hydrophobic substituents attached to oxygen atoms.
There is one more interesting feature of the studied system. Both semi-empirical and DFT calculations indicated that the energy of TC2 was the lowest of all calculated energies. It may suggest that though the crystallization of P/M racemic mixture is energetically preferred, TC2 could be the prevailing conformer in solution.
Summary and Conclusion
Triaryloxysilanethiols TMST and TDST and S-methyl derivative of TDST crystallize as racemic mixtures of P and M propeller-shaped enantiomers. There is probably more than one s conformation of S-methyl group in the molecule of methyl tri-(2,6-diisopropylphenoxysilyl) sulfide. The energy barrier for interconversion between the enantiomers evaluated from PM1 calculations is approximately 6 kcal/mol.
